Salmonella causes a wide variety of diseases ranging from mild diarrhea to severe systemic infections, such as like typhoid fever, in multiple organisms, ranging from mice to humans. A lack of ptsI, which encodes the first component of phosphoenolpyruvate (PEP) : carbohydrate phosphotransferase system (PTS), is known to cause Salmonella Typhimurium attenuation; however, the mechanisms behind this have not yet been elucidated. In this study, a DNA microarray was performed to determine why the virulence of ptsI mutants is attenuated under low-oxygen conditions in which the ptsI expression is enhanced. Of 106 down-regulated genes, the most repressed were pdu and tdc genes, which are required for propanediol utilization and threonine and serine metabolism, respectively. In addition, half the flagellar genes were down-regulated in the ptsI mutant strain. Because pdu genes are induced during infection and Tdc products and flagellamediated motility are necessary for the invasion of S. Typhimurium, the invasive ability of ptsI mutants was examined. We found that ptsI mutation reduced the ability of S. Typhimurium to invade into host cells, suggesting that reduced expression of the pdu, tdc, and flagellar genes is involved in the attenuation of ptsI mutants.
INTRODUCTION
Salmonella enterica serovar Typhimurium is an important pathogen with a broad range of hosts. S. Typhimurium causes self-limiting gastroenteritis, characterized by inflammatory diarrhea, in humans and cattle, but it results in a systemic disease similar to human typhoid fever in mice (1) . Salmonella infections begin with the oral ingestion of cluding pH, oxygen availability, osmotic pressure, and the supply of essential nutrients. In order to survive and efficiently replicate in host cells, pathogenic bacteria must adapt their metabolism to physical conditions and changing nutrient supplies, because the primary goal of bacteria is to gain access to nutrients rather than to cause damage to the host (4, 5) . Bacterial virulence is dependent on selected general physiological responses and metabolic traits as well as on virulence genes that code for functions specifically dedicated to promoting the infection (6, 7) . Indeed, several studies have shown links between carbon metabolism and pathogenic bacteria virulence (5, 8, 9) .
Transcriptome analyses and isotopolog profiling experiments of S. Typhimurium within host cells have shown that glucose is one of the major carbon sources (10, 11) . Studies have shown that the central metabolic pathway of glycolysis, a major route for glucose catabolism, is highly expressed in the SCV of macrophages and epithelial cells (10, 12) and is required for the intracellular replication of S. Typhimurium in both cells (13, 14) . In addition, S. Typhimurium mutants lacking genes required for glucose uptake show reduced replication within macrophages and epithelial cells (13, 14) .
Taken together, these results clearly show that the ability of S. Typhimurium to catabolize glucose is closely linked to its virulence.
The bacterial phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PTS) catalyzes the uptake of numerous sugars and their simultaneous phosphorylation.
The PTS is composed of two cytoplasmic proteins, enzyme I (EI) and histidine protein (HPr), which are common to all PTS sugars, and membrane-bound enzyme II (EII) complex, which is specific to sugar type (15) . EI, encoded by the ptsI gene, initiates the PTS phosphorylation chain by transferring the phosphoryl group from PEP to HPr, which is encoded by the ptsH gene. Finally, the phosphoryl group is transferred to sugar-specific EII complexes and, from there, to the sugar during its uptake (4). For example, glucose uptake is performed by the glucose-specific EII complex, EIIA Glc , encoded by crr, and by EIICB Glc , encoded by ptsG (4). Therefore, EI is required for efficient S. Typhimurium growth in cultured host cells (13, 14) and for a full virulent phenotype in mice (16) .
To understand the role of EI in virulence, we surveyed the transcriptome of a S. Typhimurium ptsI mutant strain using DNA microarray analysis under low-oxygen conditions, because PTS mRNA is stabilized during the anaerobic growth of Escherichia coli (E. coli) cells (17) . We found that ptsI mutation resulted in the reduced expression of pdu, tdc and flagellar genes, which are involved in Salmonella virulence.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Salmonella Typhimurium UK1 was used as a wild type strain in this study. Isogenic ptsI and mlc mutant strains were obtained through P22HT-mediated transduction of the mutant alleles, ptsI::Tn10 and mlc::kan, from a ptsI mutant strain, JF1889, and an mlc mutant strain, SR1304, respectively (18) . The ptsI mutant strain was provided by Prof.
Yong Keun Park (Korea University, Korea). S. Typhimurium was routinely cultivated at 37℃ in Luria-Bertani (LB) medium (Difco, Franklin Lakes, NJ) or on LB agar (Difco).
A stationary-phase culture that had been grown overnight with shaking was used as the stock culture. The stock culture was inoculated into fresh LB broth at 1:100 dilution and then grown statically to mid-log phase (low-oxygen conditions).
Tetracycline and kanamycin (Sigma-Aldrich, St. Louis, MO) were used when necessary at 15 and 50 μg/ml, respectively.
Microarray analysis
Probe preparation
Total bacterial RNA was isolated from cells grown stati- 
Hybridization and data acquisition
Details concerning the construction and characteristics of the Salmonella microarray used in this study have been described elsewhere (19) . Briefly, 97.5% of all 4,498 genetic 
Data analysis
Signal intensity was quantified using QuantArray 3. 
Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was prepared from bacterial cultures with the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. qRT-PCR analysis was performed as described previously (19) . The mRNA expression levels of the target gene were normalized to the 16S rRNA (rrsH) expression level. The sequences of the primers used are presented in Table 1 .
Motility assay
Bacteria were grown to stationary phage, and a 10 μl aliquot of each cell culture was spotted onto semi-solid (0.35%) LB agar plates that were then incubated at 37℃.
The diameter of the growth halo was measured after 7 h and 14 h on three different LB agar plates for each strain.
Invasion assay (gentamicin protection assay)
HEp-2 (ATCC CCL-23) cells, a line established from a human epidermoid carcinoma, were maintained in RPMI 1640 containing 10% FBS, penicillin (100 U/ml), and streptomycin (100 g/ml) at 37℃ under 5% CO 2 . RAW 264. 
RESULTS
Global transcriptional profiling of a ptsI mutant
To determine which Salmonella genes were altered by ptsI mutation, a DNA microarray analysis was performed.
Total RNA was extracted from the cultures grown under low-oxygen conditions and was used to make cDNA that was labeled and hybridized to a microarray (see Materials and Methods). Statistical analysis showed that 53 genes were induced and 106 genes were reduced in the ptsI mutant relative to the wild type (Tables 2 and 3 ). An overview of the genes whose expressions were altered by ptsI mutation was obtained by defining the functional categories of genes based on Clusters of Orthologous Groups (COG) analysis ( Fig. 1 ).
Up-regulation of genes associated with PTS
The microarray data showed that the expression of genes associated with carbohydrate metabolism was increased in ptsI mutants ( Fig. 1) . Analysis of genes whose expression increased more than four-fold also showed that some PTSassociated genes were highly expressed in ptsI mutants (Table 4) : the ulaABC genes, which encode components of L-ascorbate PTS transporter, and the mtlA and ptsG genes, which encode the mannitol-and glucose-specific PTS permeases, respectively. In addition, the expression of manY, which encodes the mannose-specific EIIC, was increased approximately three-fold in ptsI mutants ( Up-regulation of ptsG and the manXYZ operon in response to inactivation of ptsI has been observed previously (22, 23) .
ulaABC necessary for the utilization of L-ascorbate encodes EII components of ascorbate-specific PTS, EIIC, EIIB, and EIIA (24). Normally, ulaABC forms an operon with three other genes (ulaDEF), which are required for the utilization of L-ascorbate (24, 25) , whereas the ulaABC genes (STM2342, STM2343 and STM2344), whose expression was up-regulated in ptsI mutants, forms an operon with genes (STM2340 and STM2341) encoding transketolase (Table 4) . Another ula operon, comprised of six genes (STM4383 to STM4388), seems to be the typical Ula operon necessary for L-ascorbate utilization, uptake, and phosphorylation. S. Typhimurium possesses two copies of the ula operon, and many bacteria possess two or more UlaA paralogues, including E. coli, which has three (25) . The expression of ulaC (STM2344), the first gene of the ulaABC operon, was found to be increased approximately three-fold in mlc mutants (Fig. 2) . Although the fold increase of ulaC, (i.e., the ulaABC operon), was less than that of ptsG (Fig.   2 ), the up-regulation of ulaC by mlc mutation shows that it is possible that this operon is involved in glucose-related metabolism. Further research is necessary to study role of the STM2340-2344 operon.
Down-regulation of the pdu and tdc operons
During anaerobic growth, S. Typhimurium can use 1,2-propanediol as an energy source but not as a carbon source (26) . In ptsI mutants, the expression of the propanediol utilization (pdu) genes was greatly reduced (Table 3) . Of the 21 genes that comprise the pdu operon (27), 17 were down-regulated in ptsI mutants (Fig. 3) . In particular, the expression of pduCDE genes encoding propanediol dyhydratase, which catalyze the first enzyme reaction in the propanediol fermentation pathway (26) , was reduced more than 10-fold (Fig. 3) . The pdu genes are in vivo-induced genes (28) , and the Pdu proteins are present in macrophagelike culture conditions (29) . In addition, pdu mutation impairs the intracellular replication of S. Typhimurium (30) and results in virulence defects in mice (28) . Therefore, the reduced expression of pdu genes can contribute to the attenuation of the ptsI mutant strain. All the entire tdc operon genes, tdcABCDEG, were down-regulated in ptsI mutants (Fig. 3) . The Tdc proteins form an anaerobic pathway that degrades L-serine and L-threonine to acetate and propionate, respectively, and provide the cell with energyrich keto acids that are catabolized to produce ATP via substrate-level phosphorylation (19) . However, a mutation in tdcA, which encodes the transcriptional activator of the tdc operon, reduces the ability of S. Typhimurium to invade and to replicate within host cells, thereby causing attenuation (31, 32) . Taken together, reduced expression of the pdu and tdc operons, which are associated with energy acquisition and virulence, likely underlie, at least in part, the attenuation of the ptsI mutant strain.
Down-regulation of the flagellar genes
It is apparent that the majority of genes reduced by ptsI mutation under low-oxygen conditions are associated with cell motility (Fig. 1) . Flagella biogenesis in S. Typhimurium involves more than 50 genes, which constitute at least 17 operons (33). Of these genes, 28, including the flagella synthesis operons (flg and fli), and the chemotaxis-associated genes, such as cheY, which encodes a chemotaxis signaling protein, were repressed in the ptsI mutant strain (Fig. 4) . . mRNA levels of ulaC (STM2344) in mlc mutants. Bacterial cultures were grown statically to mid-log phase. After total RNA isolation, qRT-PCR analysis was performed to determine ptsG and ulaC transcript levels. mRNA levels of each gene in the wild type were arbitrarily set to 1 (white bars), and then the relative expression of each mlc mutant gene (black bars) was determined by normalizing the mRNA levels to this value. Error bars indicate the standard deviations obtained in three independent experiments performed in duplicate.
that of the flagella-less S. Typhimurium mutant. The invasion ability of ptsI mutants was also examined, and a reduction in invasion for HEp-2 epithelial (approximately 40%) and RAW 264.7 macrophage (approximately 50%) cells was observed (Fig. 5C) . Therefore, the reduction in flagellar gene expression caused by the ptsI mutation is one of the reasons the ptsI mutant showed a reduction in invasion ability. This suggests that a defect in flagella biosynthesis is correlated with the low cAMP level in ptsI mutants. It should also be noted that the cAMP-CRP complex is necessary for the expression of the pdu and tdc operons (21) .
The present study used microarray analysis to determine why ptsI mutant virulence, motility, and invasion are attenuated. The expression of pdu, tdc, and flagella genes, which encode proteins involved in Salmonella virulence, was greatly reduced in ptsI mutants (Table 3) . However, these genes share characteristics in terms of oxygen level:
(i) the Pdu and Tdc proteins are associated with energy acquisition under low-oxygen conditions (19, 40) and (ii) the production of Tdc and flagella increases in response to the low oxygen level (19, 34) . Thus, more studies that examine the alteration of gene expression in ptsI mutants under different environmental conditions are needed to fully delineate the mechanisms of its attenuation.
